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ABSTRACT
An investigation was led to determine the correlations between the durations of Ignition Delay
(ID), Combustion Delay (CD), Derived Cetane Number (DCN), Negative Temperature Coefficient
(NTC), Low-Temperature Heat Release (LTHR) regions, ringing intensity, and precent mass burn,
and the effect of blending the Fischer-Tropsch (F-T) synthetic aerospace fuel (SAF), iso-paraffinic
kerosene (IPK), with petroleum derived Jet-A aerospace fuel on these regions. Neat blends of JetA and IPK and three by mass blends of the fuels will be researched. These blends include mass
percentages of 75%Jet-A and 25%IPK (75Jet-A25IPK), 50%Jet-A 50%IPK (50Jet-A50IPK), and
25%Jet-A 75%IPK (25Jet-A75IPK). The study will utilize a PAC CID 510 constant volume
combustion chamber (CVCC) using the ASTM D7668-14.a standard. It was discovered that blends
containing more by mass amounts of IPK had exponentially larger ID and CD, thus causing the
DCN of the fuel blends to exponentially decrease. IPK also influenced the LTHR and NTC regions
heavily as the fuel blends that contained larger amounts of IPK had a profound increase in the
duration of both regions. Additionally, the blends that contained 50% or more by mass amounts of
IPK had little to no ringing events occurring after HTHR, indicating a greater combustion stability.
Finally, it was found that the energy released during the LTHR region of all the blended fuel’s burn
was larger than that of the neat blends. This is due to IPK causing an extended LTHR region, while
the Jet-A present in the fuel is releasing more energy during the extended LTHR duration.
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CHAPTER 1
INTRODUCTION
1.1 Low-Temperature Combustion
Low Temperature Combustion (LTC) is a phenomenon that occurs in fuels that
contain complex hydrocarbon chains. This phenomenon is present when hydrocarbon
chains of a fuel are actively being broken down at temperatures that are below the selfignition temperature of the fuel. The breaking down of the hydrocarbons into various
peroxide and aldehyde species create cool flames. These flames emit a feint luminescence
that are visible before the high temperature heat release occurs. The presence of this feint
luminescence sparked the interest of combustion sciences for study in the early 1930’s (Ju
2019). Almost 100 years later, the study of cool flames is paramount for the evolution of
advanced combustion methods that decrease gaseous emissions.
The complex hydrocarbon chains in synthetic aerospace fuels (SAF) causes the fuel
to undergo two ignition points with a large duration between the two stages. These ignition
points are known as the ignition delay (ID) and combustion delay (CD). The duration inbetween these two points is where the cool flames of LTC are located. LTC is comprised
of the region known as the low-temperature heat release (LTHR) region, and this region
occurs directly before the high temperature heat release (HTHR). The LTHR region is the
region for which cool flames form, decay, and quench (Heywood 2018, Stone 1985)
The LTHR region also consists of a region where radicals are rapidly formed. This
formation accelerates the consumption of the vaporized fuel, yet temperatures are
continuing to rise. This notable region is called the Negative Temperature Coefficient
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(NTC) region, and it occurs because of the faster dissociation of chain-branching
intermediates (Herbinet 2014). The dissociation of these intermediates causes a negative
correlation with energy used to decompose these branches and aldehydes than energy
released from the reactions, all while temperatures continually rise. The NTC crossover
during the LTCR range has the widest range over which peroxides are formed. The most
predominate peroxide is the ketohydroperoxide, which defines the region of NTC due to
their formations causes the negative energy formation and release correlation as mentioned
above (Wang 2016).
At the temperatures of 750K to 850K, the fuel’s oxidation is understood to be
accelerated by a branching process which involves the first fuel alkyl radicals H atom
reducing rapidly (Ludwig 2006). This is occurring due to the low activation energy
required to produce these aldehyde radicals. As temperatures rise and the decomposition
consumes more energy, this finally produces a scenario for which excited less reactive
formaldehydes begin to form and react. At these temperatures, the fuel is yet to be selfigniting, however it is undergoing phases for which cool flames are being formed.
1.2 Aerospace Emissions
According to the Intergovernmental Panel on Climate Change (IPCC), the aviation
industry contributes two percent of the global carbon dioxide emissions and approximately
three percent of the total Global Warming caused by the greenhouse effect. The IPCC also
predicts that by the year 2050, the aviation industry will contribute approximately five
percent to the total warming effect occurring because of the excess of greenhouse gasses
in the atmosphere. Regarding the most prevalent greenhouse gasses produced by the
average airliner, the emissions are comprised of approximately seventy percent carbon
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dioxide, thirty percent water vapor, and less than one percent of carbon monoxide and other
small particulates such as soot (FAA 2003). While carbon dioxide is largely considered the
most damaging greenhouse gas produced by automobiles and many daily transportation
methods, water vapor contributes greatly to the greenhouse effect at the extreme altitudes
in which airliners operate.
Contrails, which are the pluming white paths left behind aircraft, are largely
produced from the presence of moisture in the atmosphere and are often found in icesupersaturated air (Schumann 2005). These aircraft induced cirrus clouds trap heat that
would normally escape out into space and can remain in the upper atmosphere for many
hours. According to a NASA study performed by their Terra satellite, if the atmosphere
conditions are dry contrails will last only seconds to minutes, but if the conditions are
humid and cold the contrails can be observed for up to fourteen hours after formation
(NASA 2012). Along with the lingering nature of contrails, contrails contribute much more
to the greenhouse effect because of the extreme altitudes in which they are located. The
average airliner cruises in the upper troposphere, better known as the tropopause, to the
lower stratosphere and it is at this altitude range in which contrails are emitted into the
humidity rich environments (SKYbrary 2019).
Alternative fuels, often referred to as synthetic or biofuels, are considered as an
immediate solution to mitigate the harmful emissions produced by the aviation industry
and the overall Global Warming (Scheelhaase 2019). By the year 2030, it is predicted that
there will be an eighty percent increase in the total carbon dioxide emissions if the current
trends continue, along with an overall rise in the energy requirement (Yilmaz 2017). In a
study conducted at NASA, it was found that upon the combustion of synthetic alternative
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fuels, less particulates were measured within the combustion emissions compared to crude
oil-based fuels (Bulzan 2010). The presence of harmful NOx and oxides produced during
the combustion process are harmful to the Earth’s ozone layer and can be mitigated through
the application of alternative synthetic fuels (Koff 1993).
1.3 Fischer-Tropsch Process
The rapid depletions of crude oil and ever-growing concerns of environmental
deterioration demands the ability to process non-petroleum carbon resources to obtain fuels
and other useful chemicals. The Fischer-Tropsch (F-T) process is a strategy of sustainably
creating fuel and other useful chemicals is becoming an ever-more attractive endeavor due
to climate change concerns (Chen 2021).
The Fischer-Tropsch (F-T) synthesis is a process for which liquid fuels can be
created from natural gas, coal, or biomass. It is a method that uses metallic catalysts to
convert carbon-based materials into useful hydrocarbon-chains and various chemicals.
Figure 1 is a schematic that describes the transformation of these raw materials into the
various uses of F-T process formed byproducts.
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Figure 1: Schematic of the Byproducts of Fischer Tropsch Synthesis. (Chen 2021)

The F-T method of fuel production is more environmentally friendly, while lacking
the complexity that is abundant in the refinement of crude oil. F-T fuels have already been
introduced into the ethanol industry to produce biodiesels and bio-gasolines and have been
found to aid in the reduction of gaseous emissions (Borugadda 2021). Not only have F-T
fuels been found to have a cleaner less-complex refinement process, the economic
feasibility for the creation of bioethanol using F-T synthesis processes is practical. The
study of F-T synthesis aids in the development of purer, more economically viable, and
reduced emissions outputting fuels (Santos 2020). F-T fuels do not have niche uses, they
are fuels which can efficiently operate the powerplants of aircraft and diesel trucks alike.
Oxygenated blends of F-T fuels used in a six-cylinder turbocharged diesel engine were
found to differ very little to Ultra-Low Sulfur Diesel (ULSD) between their respective
oxygen ratios for each fuel (Nabi 2020). Direct comparisons of F-T fuels to ULSD yield
favorable results for the synthetic fuels. When paired with varying amounts of Reformed
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Exhaust Gas Recirculation, the synthetic fuel lowered maximum in-cylinder pressure, and
heat release rate. This is caused by the high cetane number produced by F-T synthesis,
resulting in a fuel that out preformed ULSD in lowering the output of NOx emissions (AbuJrai 2009).
1.4 Constant Volume Combustion Chambers
Constant Volume Combustion Chambers (CVCC) are apparatuses that are used to
analyze the combustion of fuels in a controlled environment (Soloiu 2021). These research
instruments can be used to simulate various scenarios for which fuel is undergoing
combustion (Soloiu 2020). The use of CVCCs have led to the advancements of research
into sustainable, alternative methods of combustion (Zhu 2022). This thesis work will be
utilizing the PAC CID 510 Constant Volume Combustion Chamber as the research
apparatus the combustion analysis will be conducted in, as shown in figure 2.

Figure 2: PAC CID 510 Constant Volume Combustion Chamber (PAC n.d.)
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The capabilities of the PAC CID 510 allow the user to use the standard testing
parameters from the American Society of Testing and Materials (ATSM D7668), European
Standards (EN 16715), IP 41 Standard, and the Russian standard (GOST R 58440). Modern
injection and fuel delivery technology is implemented into the device as well as two active
fire suppression systems. The operating ranges for the PAC CID 510 are displayed in table
1.
Table 1. PAC CID 510 Research Parameter Ranges
Wall Temp.
535-650 °C

Fuel Injection

Coolant

Injection

Chamber

Pressure

Temp.

Pulse Width

Pressure

600-1400 Bar

50 °C

0.4-3.0 ms

0-25 Bar
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CHAPTER 2
EXPERIMENTAL SETUP AND PROCEDURES
2.1 Fuel Analysis
2.1.1 Brookfield DV-II +Pro Rotational Viscometer
Viscosity is a measurement of a fluid’s resistance to deformation, or flow. Viscosity
has a profound effect on the spray atomization from an injection event and the rate of
delivery in an engine. The purpose of an injector is to quickly atomize the fluid it is
injecting; thus, viscosity is an important measurement for this atomization (Kang 2019). If
a fuel has a high viscosity, it will have a higher resistance to atomization during injection
resulting in large droplet sizes and poor combustion. Fuels with low viscosity have less
volume to surface area ratio. This small volume to surface area ratio of the fluid will result
in more complete combustion and higher efficiency compared to a fuel with higher
viscosity (Zang 2016). Viscosity testing is preformed using the Brookfield DV-II +Pro
Rotational Viscometer. The viscometer has multiple types of spindle attachments for
viscosity research. The spindle used in this study is the SC4-18 spindle. The viscometer
measures the amount of torque required to rotate this specific spindle while submerged in
7ml of the test fuel. Measurements are taken from 26°C to 90°C in 2°C increments to create
a viscosity profile of the fuel. Data is acquired and interpreted using Rheocalc software.
The heating of the fuel sample is achieved by circulating coolant through the crucible
holding the fuel and spindle. This coolant temperature is controlled by an omega
temperature controller routed in the test crucible. Figure 3 below depicts the Brookfield
DV-II +Pro Rotational Viscometer and the test crucible utilized in all experimentation.
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Figure 3. Brookfield DV-II +Pro Rotational Viscometer (Amtek Brookfield n.d)

The equation for the dynamic viscosity of the fuel is calculated with equation 1
below. Where L is the length of the cylinder in meters, M is the motor torque in Nm, τ is
𝑁

the shear stress in 𝑚2 , 𝛾̇ is the shear rate in 𝑠 −1 , ω is the angular velocity in

𝑟𝑎𝑑
𝑠

, 𝑅𝑐 and 𝑅𝑠

are the radii of the container and spindle in meters, and η is the dynamic viscosity in 𝑃𝑎 ∗ 𝑠
(Roylance 2000).
𝜂=

𝜏
𝛾̇

Eq. 1

Spindle SC4-18 is chosen for this research due to its compatibility with diesel-type
fuels. The geometry and angular velocity of the spindle is used to determine the shear rate
of the fuel on to the wall of the vessel. The equation used to determine the shear rate of the
fuel is in equation 2 below:
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𝛾̇ =

2𝜔𝑅𝑐 2
𝑅𝑐 2 − 𝑅𝑠 2

Eq. 2

Utilizing the manufacturer’s specifications of the geometry and angular velocity of
the spindle combined with the torque of the motor, the shear stress at the surface of the
spindle is determined using equation 3 below:

𝜏=

𝑀
2𝜋𝑅𝑠 2 𝐿

Eq. 3

2.1.2 Parr 1341 Constant Volume Calorimeter
Calorimetry is the process of measuring the amount of heat released during a
combustion event. This study utilized the Parr 1341 digital constant volume calorimeter.
This instrument was used to determine the lower heating value for each research fuel. The
Parr 6772 calorimetric thermometer is used to control and monitor the research device. The
constant volume calorimeter, the thermometer control unit, and the interior of the
calorimeter can be seen in figure 4, displaying the placement of each component used
during the testing of research fuel.
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Figure 4. Parr 1341 Calorimeter Apparatus and the Cross-Sectional View
(Parr Instrument Company, Series 1341 Plain Jacket Oxygen Combustion Calorimeters
2014 ;Parr Instrument Company, Series 1341 Plain Jacket Oxygen Combustion
calorimeters n.d.)
Approximately 0.5g of fuel is placed into a crucible, then placed in the stainlesssteel constant volume chamber. The chamber is pressurized with 𝑂2 to 25 atm and
submerged in two kilograms of deionized (DI) water that is contained within the water
jacket. A Ni alloy fuse wire is strung between two electrodes with an electric current
running through the fuse wire to ignite the fuel in the crucible. The lid of the water jacket
is equipped with a k-type thermocouple and stirring impeller. The impeller introduces a
swirl to the DI water. This swirl mixes the water so that the water is heated uniformly, thus
enabling the thermocouple to precisely measure the temperature difference of the DI water
resulting from the combustion of the fuel. This temperature difference measurement is used
to determine the gross heating value of the fuel sample. The net heating value, Hnet, of the
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sample is then acquired using equation 4. The value Hc, as seen in equation 4, represents
the gross heating value, where H is the percentage of hydrogen in the sample.
𝐻𝑛𝑒𝑡 = 1.8𝐻𝑐 − 91.23𝐻

Eq. 4

2.1.3 Shimadzu DTG-60
A Shimadzu DTG-60 is the research apparatus used to perform the
Thermogravimetric Analysis (TGA) and the Differential Thermal Analysis (DTA) on the
researched fuels. This research apparatus measures the physical and chemical properties of
melting point, transition temperature, change of mass throughout the analysis, and
temperature of reaction of the analyzed fuel. During each analysis, TGA and DTA, the test
chamber increases in temperature ~23°C to 600°C in increments of 20°C per minute.
Additionally, the environment in the chamber experiences a constant air purge of 5 ml/min
allowing an accurate measurement of a stable fuel vaporization. Each measurement is
analyzed against an inert baseline. Alumina powder is used for this experimentation as it
experiences little to no loss in mass from the increasing temperature. Both the alumina
powder and the research fuel are contained within the chamber in two small aluminum pans
placed on two separate scales. The material of these pans can withstand the increasing
temperatures of the test chamber without warping or changing in mass. Finally, the TA60WS software monitors the testing software. The TA60 software is used for postprocessing after test completion.
A thermogravimetric analysis (TGA) of the fuel is a measurement of the change in
the mass of the fuel over the increase in temperature. This measurement is a determination
of the volatility of the fuel, more volatile fuels vaporize at lower temperatures. The
differential thermal analysis (DTA), recorded in µV/mg, is a measurement of the per mass
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rate of energy absorption and release. This correlates with the exothermic and endothermic
reactions the fuel undergoes as it oxidizes. The Shimadzu DTG-60 apparatus is depicted in
the figure 5.

Figure 5. Shimadzu DTG-60 (Shimadzu Corporation 2012) (Shimadzu Oceania
2021)
2.1.4. Malvern Spraytec Mie & Fraunhofer Scattering He-Ne Laser
The investigation into fuel performance and spray atomization was conducted using
a Malvern Spraytec He-Ne laser diffraction measurement system. The Spraytec laser
apparatus applies Fraunhofer diffraction and Mie scattering theories to determine the size
distribution of fuel droplets during atomization. The scattering of non-polarized laser light
by a single spherical particle can be mathematically described by equation 5.
𝐼(θ) =

𝐼0
([𝑆 (𝜃)]2 + [𝑆2 (𝜃)]2 )
2𝑘 2 𝑎2 1

Eq. 5

Where I(θ) is the total scattered intensity as function of angle θ with respect to the
forward direction, I0 is the illuminating intensity, k is the wavenumber 2π/λ, a is the
distance from the scatterer to the detector, and S1(θ) and S2(θ) are dimensionless, complex
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functions describing the change of amplitude in the perpendicular and the parallel polarized
light.
The Fraunhofer theory differs from Mie theory in that the optical properties of the
particle need not be known. This allows for the practical application of the theory to be
used for the measurement of mixtures of different materials and shapes. I(θ) simplifies to
the following formula with the dimensionless size parameter α=πx/λ.

𝐼(θ) =

𝐼0
𝐽𝐼 (α)
α4 (
)
2
2
2𝑘 𝑎
α sin θ

Eq. 6

Fraunhofer theory is widely used to predict light scattering and is applicable in
scenarios when the optical properties of particles are unknown. Mie scattering theory is
used to actively predict the light scattering behavior of any material. In this case, the
theories are being used to determine the Sauter mean diameter (SMD) of the fuel droplets
injected into the laser beam. The SMD is the averaged diameter of a sphere that has the
same volume/surface area ratio as a given non-spherical fuel droplet (Wang 2013). The
SMD is determined/represented using the equation below (Azzopardi 2011).
1⁄
(𝑃−𝑞)

∞

𝐷𝑝𝑞 = [

∫0 𝑛(𝐷) 𝐷𝑃 𝑑𝐷
∞

∫0 𝑛(𝐷) 𝐷𝑞 𝑑𝐷

]

Eq. 7

These theories are used to interpret the diffraction angle deflecting off the droplets
from the spray. This angle is then emitted through the optical system while still being
carried by the laser beam onto the 36-detector array. The atomized fuel spray is delivered
using a Bosch single orifice, pintle-type fuel injector that is calibrated to inject at 180 Bar.
The fuel injector is positioned perpendicularly to the laser beam at a distance of 100mm
away from the beam. Each injection is preformed using a pneumatic piston system, to
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ensure consistency between each of the injections to limit variation between injections. The
receiver lens is 300mm and the transmitters have the capability to measure droplets up to
sizes of 900 µm. Data collection of the selected fuels was conducted at a sampling rate of
10 kHz with an accuracy of ±0.5µm with data acquisition occurring at 1ms before the
measurement trigger to 5ms after the trigger. The detector array begins the measurement
once the transmission of light from the laser to the receiver drops below 99%. Data
collection is conducted using Spraytec software, then data processing is performed with
Microsoft Excel. The experimental set-up for the Spraytec analysis is shown in figure 6
below:

Figure 6. Spray Atomization Determination Experimental Set-up (Soloiu 2020)
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2.2 Combustion Analysis
2.2.1 Pac CID 510 Constant Volume Combustion Chamber
The PAC CID 510 is the research apparatus that will be utilized for the combustion
analysis of the researched fuels in this study. This device is comprised of 4 main
components. The components are shown in figure 7 and are as follows: component 1 is an
electronically controlled common rail high-pressure direct injection fuel system,
component 2 is a uniform heated combustion chamber into which the fuels are injected,
component 3 is a piezoelectric chamber pressure sensor, and component 4 is an injection
pressure sensor.

Figure 7. PAC CID 510 CAD Model of Combustion Chamber Components
A cross section CAD model of the CVCC is also provided in figure 8 below. The
volume of the combustion is 0.000473 m3, and this volume is used to determine the
apparent heat release rate (AHRR) of the fuel. Component 1 of this CAD model is an

27

electronically controlled high-pressure injector, and component 2 is the spray pattern
formed in the combustion chamber by a 6-orifice injector.

Figure 8. PAC CID 510 CAD Model of Internal Injection (Soloiu et al.)
The CVCC is paired with a LAUDA Alpha RA chiller that maintains a constant
coolant temperature of 50°C circulated in the CVCC. This coolant provides a water-jacket
around the combustion chamber to quickly cool the chamber after combustion events.
Ultra-high purity compressed N2 and O2 are used to provide an ideal, practical environment
in the combustion chamber for the most accurate results. The gas is a blend of 80% N2 and
20% O2, its purpose is to simulate the gaseous makeup of Earth’s atmosphere. Figure 9
depicts the PAC CID 510 and the LAUDA Alpha RA chiller.
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Figure 9. PAC CID 510 Experimental Setup
The derived cetane number is analyzed using a constant volume combustion
chamber (CVCC). DCN is an important measurement for the autoignition quality of a fuel.
This value defines the reactivity and autoignition quality of the researched fuel. A larger
DCN described a more reactive fuel that is more prone to autoignition, and the opposite is
true for fuels with a lower DCN. In this study, the autoignition quality is a very important
factor when analyzing cool flame behavior of the researched fuels. The DCN is determined
using the ignition delay (ID) and combustion delay (CD) of the researched fuel The ID is
defined as the period between the beginning of injection, 0 ms, to the midpoint of the
LTHR. The CD is defined as the duration beginning at start of ignition, to the peak of the
apparent heat release rate (AHRR). Other notable regions in the AHRR graph are the start
of combustion (SOC) which is located at the midpoint of the NTC region, right before the
positive inflection into the high temperature heat release (HTHR). End of combustion
(EOC) is defined as the point after the HTHR where the AHRR crosses 0. Additionally,
for neat Jet-A fuel there are profound ringing occurrences occurring after combustion, this

29

is also noted in figure 10. The DCN is calculated using equation 8 with the average of 15
combustion and exhaust cycles.

𝐷𝐶𝑁 = 13.028 + (

−5.3378
300.18
−12567.90
3415.32
)+(
)+(
)+(
)
2
𝐼𝐷
𝐶𝐷
𝐶𝐷
𝐶𝐷3

Eq. 8

As apparent in the equation, combustion delay has more of an influence in the
autoignition properties of a combustible material. For all testing, the ATSM D7668-14.a
standard research parameters are shown. The parameters are shown in table 2 below:
Table 2. ATSM D7668-14.a Standard Research Parameters (ASTM 2014)
Wall

Fuel Injection

Coolant

Injection Pulse

Chamber

Temperature

Pressure

Temperature

Width

Pressure

595.5 °C

1000 Bar

50 °C

2.5 ms

20 Bar

30

Figure 10. ID, CD, SOC, EOC, and LTHR Temperature Range
The Apparent Heat Release Rate (AHRR) is a measurement of the useable work
produced by the combustion of a fuel. It is defined as the amount of energy that remains in
the chamber after combustion to raise the surrounding temperature. The CVCC begins
recording at the start of injection (SOI), 0 ms on the graph, and the data acquisition rate is
in increments of 0.04 ms.
Within the apparatus, a constant volume is maintained, the average specific heat
ratio is constant, the injected fuel is assumed to create a homogeneous mixture and have a
complete burn. The efficiency of combustion is 100% and with the wall maintained at
595.5 °C, the heat transfer into other the other components of the CVCC is neglected. The
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AHRR measurements are deduced from the first law of thermodynamics and uses a closed
system equation. The AHRR is produced from equation 9. Where

𝑑𝑄
𝑑𝑡

is the AHRR

measured in W, γ is a coefficient that is specific the closed system of the CVCC, V is the
volume, and

𝑑𝑃
𝑑𝑡

is the change is pressure over time.
𝑑𝑄/𝑑𝑡 = 1/(𝛾 − 1) 𝑉 𝑑𝑃/𝑑𝑡

Eq. 9

The LTHR and NTC regions are the regions this study will elaborate on the most
due to their direct relationship with emission outputs of a fuel. The durations of these
regions have an influence on the emissions, combustion stability, and energy release of the
fuels (Ju 2019). It has been found that extended durations of the LTHR and NTC regions
are found to influence combustion stability, while decreasing NOx and UHC emissions
(Henry 1996, Soloiu 2018)
The LTHR region encompasses the NTC region which is notable due to the
negative correlation with the energy used to decompose the chain-branching intermediates
and aldehydes while temperature in the chamber increases. The duration and formation of
the LTHR region is also influenced heavily by the GC distributions of the fuels as
mentioned in section 3.1.1. Figure 11 depicts the LTHR region, NTC region, cool flame
formation region and the SOC point Jet-A.
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5

33

CHAPTER 3
THERMOPHYSICAL PROPERTIES OF THE RESEARCHED FUELS
3.1 Researched Fuel(s) Thermo-Physical Characteristics
3.1.1 Overview
Studies into the thermal, physical, and physiochemical properties of researched fuel
blends were conducted to determine the autoignition properties of each of the blends in
addition to their neat counterparts. These thermophysical properties have a strong impact
on the combustion performance and emissions output of the fuel. Additionally, researching
these parameters will have a significant influence on how the fuels will react during
combustion in the CVCC. All the determinations in table 3 were conducted with in-house
equipment at Georgia Southern University. The POSF batch number for the Jet-A fuel used
in this thesis is 10325 and the POSF for IPK is 7629.
Table 3: Properties of All Researched Fuels
100 Jet-A
LHV
DCN*
Avg. Ignition
Delay (ms)
Avg.
Combustion
Delay (ms)
Viscosity @ 40 ͦ
C (cP)

41.88
48.0
3.26

75 Jet-A
25IPK
42.31
43.1
3.49

50 Jet-A
50IPK
43.06
38.7
3.77

25 Jet-A
75IPK
43.71
33.3
4.23

100
IPK
44.25
25.9
5.31

5.01

5.80

6.97

9.47

17.17

1.32

1.16

1.11

-

1.01

*Derived Cetane Number (DCN) obtained using in house equipment. PAC CID 510
governed by ASTM standard D7668-14a.
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Table 4: Chemical Composition of Jet-A and IPK (Zhang 2016)
Property

ASTM
standard

Jet A

Sasol IPK

POSF number

–

4658

5642

n-Paraffins (wt%)

–

28

2.1

Iso-paraffins (wt%)

–

29

88

Cyclo-paraffins (wt%)

–

20

9

Aromatics (wt%)

Report

20

<0.5

Total sulfur (wt%)

Max 0.3

–

<0.001

One of the most influential parameters for the fuel properties of IPK and Jet-A are
the paraffin and aromatic distributions. All the results in table 4 have been gathered from
previous gas chromatographic (CG) investigations. 100Jet-A contains a larger weight % of
n-paraffins and a smaller amount of iso-paraffins compared to 100IPK. The larger amount
of iso-paraffins causes IPK to have a larger H/C ratio for an increased LHV. 100IPK is
comprised of paraffins of lower carbon number, compared to Jet-A’s larger hydrocarbon
chains. LHV is also dependent on the aromatics of the fuel, due to 100Jet-A containing a
significantly larger weight % of aromatics further reducing the LHV. IPK’s lower viscosity
and better spray atomization can be attributed to the lower weight % of n-paraffins, cycloparaffins, and aromatics. These components are heavier and have a higher viscosity and
density, and the lack of these components contributes to IPK’s low viscosity and fine spray
atomization (Elmalik 2013; Moses 2008; Wang 2020).
3.1.2 Lower Heating Value Determination
Experimentation using the Parr 1341 Calorimeter resulted in an increased
understanding of the lower heating value (LHV) for each fuel blend. Three trials were done
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in the calorimeter for each fuel blend. The results from testing were then averaged to
account for slight variations occurring due to the set-up of the experimentation. For
example, threading the Ni alloy wire incorrectly leads to a misfire, as the wire must be
strung close enough to ignite the fuel, without touching it. Additionally, misfires can occur
when improper combustion occurs in the oxygenated chamber. To mitigate differences
during the experiment, the same individual preforms all testing. When the experimental set
up is consistent, the error between tests is approximately less than 2%. The results for the
LHV determinations are shown in table 5 and figure 12 below.
Table 5: Calorimetry of the Researched Fuels.

LHV (Mj/kg)

100 Jet-A

75 Jet-A
25IPK

50 Jet-A
50IPK

41.88

42.31

43.06

25 JetA
75IPK
43.71

100
IPK
44.25

50

LHV [MJ/kg]

45

40

35

30
0

25
50
75
% OF IPK BLENDED WITH JET-A

100

Figure 12: Lower Heating Value of All Researched Fuels
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It is apparent, that when more IPK is present in the fuel blend, the LHV of the fuel
increases. As shown in figure 12 there is a linear correlation between % IPK added and the
LHV.
3.1.3 Fuel Viscosity Analysis
The viscosity analysis results are displayed in table 6 and figure 13.
Table 6: Dynamic Viscosity of the Researched Fuels
100 Jet-A
Viscosity @
40 ͦC (cP)

1.32

75Jet-A
35IPK
1.16

50Jet-A
50IPK
1.11

25Jet-A
75IPK
1.09

Figure 13: Viscosity Analysis of All Researched Fuels

100
IPK
1.01
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The curve for the viscosity displays a negative correlation when the temperature of the fuel
increases. The viscosity of 100Jet-A is consistently the largest for all the researched fuels.
Viscosity at 40°C for 100Jet-A is 1.32 cP. 100IPK has the lowest viscosity for all the
researched fuels. The subsequent blends of 75Jet-A 25IPK has the second highest after
100Jet-A, 50Jet-A 50IPK is lower than the previous blend, and 25Jet-A 75IPK has the
lowest viscosity of all the blends through the testing. Due to the increasing amounts of IPK
present in the blend, the viscosity of the fuel is lowered a significant amount. This lowered
viscosity can be attributed to the very low aromatic and n-paraffin content of the fuel. The
larger amounts of both parameters increase the viscosity of the fuel blend (Zhang 2016).
3.1.4 Spray Distribution Analysis

The Spray characteristics measured using a Malvern Mie Scattering laser are
presented in figures 14, and 15. The average SMD measurements are depicted in figure 14.
There is a linear correlation between 100Jet-A, 75Jet-A25IPK, 50Jet-A50IPK, then 25JetA75IPK only has a slightly smaller average SMD compared to 50Jet-A50IPK, then 100IPK
continues the linear trend. This linear trend is due to the additions of IPK in the blend.
When there is more IPK present in the blend the average SMD is decreased. Additionally,
this is an indication that 50/50 blends of these two fuels can provide very favorable
atomization characteristics, as shown in figure 13 below. This reduction correlates to the
additions of IPK into the fuel blend directly relates to the viscosity measurements
mentioned in section 3.1.2. The reduced SMD is favorable for atomization of the fuel when
injected into the combustion chamber. Better atomization is an indication of better
autoignition properties in a fuel (Kang 2019).
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Figure 14: Average SMD for the Researched Fuels
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Figure 15: Spray Development of All Research Fuel Sprays
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The performance of the spray atomization of the researched fuel blends is shown in
figure 15 above. The spray volume frequency, measured in % of the entire spray, is
measured per droplet size. Also the SMD is measured across the time the spray is airborne.
The peak of the spray volume frequency curve indicates the most predominate droplet size
in each of the researched fuel’s spray. The spray droplet distribution analysis is shown in
table 7. The droplet distribution is denoted by Dx (10), Dx (50), and Dx (90). These
denotations represent the largest droplet size for 10%, 50% and 90% of the fuel spray.
Table 7: Particle Size by Volume
Particle
Size by
Volume

Neat
Jet-A

75Jet-A
25IPK

50Jet-A
50IPK

25Jet-A
75IPK

Neat
IPK

Dv (10)

9.85

9.22

9.08

8.85

8.27

Dv (50)

30.11

27.08

25.57

25.33

22.96

Dv (90)

133.45

124.67

109.49

112.23

103.34

100Jet-A has the largest droplets across 10%, 50% and 90% of its spray volume,
whereas 100IPK has the smallest across the three analyzed percentages. As more IPK is
present in the blend, the blends droplet distributions become smaller and smaller over the
entire spray volume. The largest point of interest for the spray analysis is the blend of 50JetA 50IPK. For the DV (90) of this spray, it is significantly smaller than the two subsequent
fuels of 75Jet-A 25IPK and 100Jet-A. The DV (90) of the 50-50 blend is significant
because on average, it has a significantly smaller droplet size than that of the 25Jet-A
75IPK, when the blend with more IPK should have a smaller droplet size. It is also
significant due to the performance of the fuel. If more Jet-A can be present in the blend
and increase the DCN of the mixture while having favorable atomization characteristics,
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an even more complete combustion can occur (Musculus 2013). However, the spray for
25Jet-a 75IPK is smaller through the 10% and 50% volume of the spray compared to the
50Jet-a 50IPK blend.
3.1.5 DTA & TGA Assessment

The TGA is a measurement of the researched fuels’ volatility. As the temperature in
the chamber increases the liquid mass of the fuel decreases due to it vaporizing into a
gaseous state. The results from the TGA testing are shown in figure 16.
100
100Jet-A
100IPK
75Jet-A25IPK
50Jet-A50IPK
25Jet-A75IPK

80

Mass %

60

40

20

0
50

100
150
Temperature (°C)

200

250

Figure 16: Thermogravimetric Analysis
The change of mass in the fuel is recorded throughout the testing, however it is
processed at the temperatures for which 10%, 50%, and 90% of the fuel has vaporized.
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Fuels that are more volatile have more favorable characteristics for combustion as it creates
a more homogeneous air-fuel ratio after injection due to its lower vaporization temperature.
Additionally, this reduces the build-up of liquid fuel in the combustion chamber in aera for
which have poor fuel penetration (Tsuji 2008). The temperature values at 10%, 50%, and
90% of mass vaporized is denoted as TA10, TA50 and TA90 in table 8.
Table 8: Thermogravimetric Analysis (TA(x))
100Jet-A
TA10 (°C)

81.67

75Jet-A
25IPK
76.41

50Jet-A
50IPK
71.69

25Jet-A
75IPK
68.55

100IPK

TA50 (°C)

129.53

120.61

113.08

108.25

108.14

TA90 (°C)

163.00

153.81

143.25

134.92

131.24

71.74

When researching into the volatility of blended fuels, the most important measurements
are the TA 10, TA 50, and TA 90. These values correlate to the temperature at which a
certain percentage (10, 50, or 90) of the fuel has been vaporized. The determination of
these values is an indication of how quickly and at what temperature the fuel vaporizes.
Heavier hydrocarbons vaporize at a higher temperature than lighter hydrocarbons. A fuel
with a high percentage of heavier, saturated hydrocarbons will vaporize at a higher
temperature. Additionally, fuels which contain a wider variety of both light and heavy
hydrocarbons will have a longer distillation curve.
For this research, there is a plethora of factors that are introduced when blends are
created. These factors include microscopic separation of the two fuels, changes in chemical
composition in the resulting blend, and potential interactions between the introduced
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hydrocarbons causing changes to the fuel properties. Blending IPK with Jet-A creates a
varying thermochemical profile of the resulting blend due to the oddities occurring due to
the blending of a synthetic fuel and a fossil fuel (Wilson 2013).
100IPK is the most volatile of the fuels, this is indicated by it having the lowest
temperature for its TA 90 value.100Jet-A was found to be the least volatile fuel as it has
the highest TA10, TA50, and TA90 at 81.67 °C, 129.53°C, and 163.00°C, respectively. All
the blended fuels vaporize at temperatures between 100IPK and 100Jet-A. All of these
temperatures are lower compared to 100Jet-A and higher than 100IPK. Additionally, the
blends all step-down from one another in a linear manner. This indicates that any added
amounts of IPK into the blended fuels makes the fuel more volatile, which is a favorable
autoignition characteristic.
The DTA testing is measuring the endothermic and exothermic reactions during the
vaporization of the fuels. These reactions are measured in mV/mg. All the determinations
of the DTA are shown in figure 17 below.
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Figure 17: Differential Thermal Analysis
The results of this determination further illuminate the volatility of the research fuel
100IPK. 100IPK absorbed the largest amount of heat compared to the other researched
fuels. The reaction dropped to its lowest value at a temperature of approximately 120 °C
and began releasing its energy. 100Jet-A had a much longer absorption rate and begins its
energy release at approximately 135 °C. Jet-A’s lowest point was approximately 155°C,
the peaks of all the blends are between the temperatures of 120°C and 155°C. The more
Jet-A present in the blended fuels causes the peak endothermic absorption to decrease and
the aera under the curve for the reaction widens.
IPK has a higher volatility due to its high concentration of branched chain isoparaffins of a lower carbon content than Jet-A. Increasing the mass percentage of IPK with
Jet-A dilutes the heavier compounds found in Jet-A increasing the rate of energy absorption
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and release as well as the volatility. This means that IPK has a much higher vaporization
rate and volatility than Jet-A causing the researched fuel blends to increase in volatility and
vaporization rate with the increase in mass percentage of IPK in the fuel.
3.1.6 Derived Cetane Number Determination
The DCN results are collected from the research apparatus, the PAC CID 510, and are
determined with the on-board computer of the instrument. The DCN for neat Jet-A and
IPK were calculated at 47.95 and 25.88, respectively. IPK’s ID and CD is 5.31ms and
17.17ms, respectively, and the ID and CD of Jet-A is 3.03ms and 5.01 ms. The ID of IPK
is 1.8 times longer, and the CD is 3.5 times longer than that of Jet-A. This longer duration
of CD is what causes the large differenced of DCN between the two fuels, as shown in
equation 8. the results for the ID, CD, and DCN for all the fuels are shown in table 9 and
figure 18.
Table 9: ID, CD, and DCN Results
Fuel

ID [ms]

CD [ms]

DCN

100Jet-A
75Jet-A 25IPK

3.26
3.49

5.01
5.8

47.95
43.08

50Jet-A 50IPK

3.77

6.97

38.66

25Jet-A 75IPK

4.23

9.47

33.34

100IPK

5.31

17.17

25.88
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Figure 18: Derived Cetane Number, Ignition Delay, and Combustion Delay for All Fuels

Even though neat IPK has the better thermo-physical characteristics for
autoignition, due to the chemical properties of the fuel, all the blends that contain IPK have
a decreased DCN in relation the to the increasing mass percentage of IPK. Figure 18
illustrates the correlation between CD and DCN. The ID all the researched fuels have a
linear fit with increasing amounts of IPK in the fuel. This trend is not followed by the DCN
curve as it follows a more exponential correlation. However, the ID is still a significant
figure as it identifies the moment at which the peak LTHR occurs in the AHRR
determinations. The DCN curve follows the exponential curve produced by the line of best
fit for the CD calculations. This DCN curve is negatively correlated to the CD curve of
fuels with increasing amounts of IPK present in the blend.
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CHAPTER 4
COMBUSTION ANALYSIS
4.1 Combustion Pressure and Mass Fraction Burned
Each determination made with the research apparatus is measured from 15 cycles
of combustion and exhaust and averaged during post-processing. The piezoelectric
pressure sensor, recessed in the bottom of the combustion chamber, is the measurement
device utilized to measure the pressure. Since the gas within the chamber is assumed to be
an ideal gas, the ideal gas law equation can be used to calculate the temperature of
combustion. This law is described by equation 10. The pressure is measured with the
sensor, V, n, and R are all considered constants, thus temperature, T, can be determined
mathematically.
𝑃𝑉 = 𝑛𝑅𝑇

Eq. 10

The pressure trace for all the researched fuels is shown in figure 19. The peak
pressures are depicted in figure 20 as well. It is observed that the fuels containing more
IPK, have pressure rises occurring later in the combustion event, as indicated by the values
of the ID and CD. Within the pressure trace, the LTHR and NTC region can also be
observed. These regions become more predominate as more IPK is present in the
researched fuel. The peak pressure traces for the researched fuels shows ringing events
occurring after the peak HTHR event for 100Jet-A and 75Jet-A 25IPK, whereby the ringing
events for 50Jet-A 50IPK were minimal. There were no ringing events present for 25Jet-A
75IPK and 100IPK. This is an indication of combustion stability. The more stable a fuel’s
burn is the less ringing events occur after the HTHR (Reuter 2017). Due to this, fuels in
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this study containing 50% or more by mass amounts of IPK have significantly better
combustion stability due to their minimal ringing occurrences after the peak HTHR.
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Figure 19: Pressure vs Time for All Research Fuels
Noted in figure 19 above, and in the AHRR analysis, triple stage ignition
characteristics begin to form when more IPK is present in the blend. Triple stage
combustion characteristics begin to develop because of prolonged durations of the LTHR
region. The combustion characteristics include a prolonged stage of LTHR, paired with an
elongated NTC region that creates a definite separation between the peak LTHR and
HTHR. The final stage of triple stage ignition is a definitive HTHR.
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As more IPK is introduced to the fuel blend, the peak HTHR increases, however
the peak of 100IPK is 0.01 bar less than 25Jet-A 75IPK. Table 10 below contains all the
peak HTHR values for each of the fuels. The peak pressure achieved by 25Jet-A 75IPK is
42.72 bar, which is almost a full half bar larger than that of 100Jet-A.
Table 10: Peak Pressures Measured in the CVCC
Test Fuel

Peak Pressure (Bar)

100Jet-A

42.26

75Jet-A 25IPK

42.27

50Jet-A 50IPK

42.47

25Jet-A 75IPK

42.74

100IPK

42.73
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Figure 20: Peak Pressure and Ringing Measurements for All
Researched Fuels

49

The mass fraction burned of each of the researched fuel is shown in figure 21. It is
assumed all the fuel is consumed during the combustion event, 100% efficiently, and there
are no non-combustion spots occurring during combustion in the entire volume of the
chamber. SOI is indicated at 0 ms, and 100Jet-A’s mass is nearly entirely burned by time
100IPK reaches its ID point. The mass burn % of the researched fuels follows the same
exponential trend the CD and DCN of each fuel. As more by mass amounts of IPK is
introduced in the fuel blend, the mass burned duration increases exponentially.

Figure 21: Mass Fraction Burned over Time
of the Research Fuels

Due to the usage of the ideal gas law, equation 10, the peak temperatures followed
the same trends as the peak pressure for each of the fuel blends. Where 100Jet-A is
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observed to have the lowest peak temperature of 1835.44 K, which is 15.21 K lower than
that of 100IPK, which is observed with a peak temperature of 1850.65 K. The blended
fuels show similar trends, as more IPK is present in the blend, the higher the peak
temperatures during the combustion event. The peak temperatures of all the fuels blends
are displayed in table 11. The peak temperature of all the researched fuels occurred in
25Jet-A 75IPK with a value of 1855.25K, this slightly increased number is due to the
accuracy tolerances of the combustion pressure sensor, this is elaborated further in the
conclusion.
Table 11: Cycle Peak Temperatures
Fuel
100Jet-A
75Jet-A 25IPK
50Jet-A 50IPK
25Jet-A 75IPK
100IPK

Peak Temperature [K]
1835.44
1835.84
1844.24
1855.25
1850.65

4.2 Apparent Heat Release Rate, NTCR, and LTHR Analysis
Processing of the CVCC data includes the AHRR determinations of each of the
researched fuels. From the AHRR the determinations the LTHR and NTC regions can be
processed and analyzed. The entire AHRR curves for all the researched fuels are shown in
figure 21 below, additionally table 12 contains all the peak AHRR corresponding to figure
22.
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Figure 22: AHRR for All Researched Fuels
Table 12: Peak AHRR/HTHR for All Researched Fuels
Fuel
100 Jet-A
75Jet-A 25IPK
50Jet-A 50IPK
25Jet-A 75IPK
100 IPK

Peak AHRR
[MW]
4.74
3.39
2.26
1.24
0.67

% Lower Compared to
100 Jet-A
N/A
24.3%
49.5%
72.4%
84.9%

100Jet-A is having the best autoignition of all the researched fuels, and 100IPK
being the worst. This is also apparent for the peak AHRR for the fuels. 100IPK has an
84.9% smaller value for peak AHRR, with a value of 0.67 MW, than that of 100Jet-A (4.74
MW). The peak AHRRs for the blended fuels also have a linear step down from another
in duration and peak AHRR, as shown in figure 23. A trend observed with the blended
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fuels shows that starting from 100Jet-A, when 25% or more by mass amounts of IPK added
to the fuel blend, the peak AHRR is reduced by more than 1 MW until the blend consists
of entirely IPK.
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Figure 23: Precent IPK Blended with IPK, Peak AHRR

The combustion stabilities of each of the researched fuels can additionally be
identified through the AHRR. When more IPK is present in the fuel blends, the triple stage
combustion characteristics that indicate stable combustion become more apparent. 100JetA has no definitive triple stage characteristics, thus after the peak HTHR there are
pronounced occurrences of ringing. The blend with the smallest amount of IPK present,
75Jet-A 25IPK, begins to have definitive triple combustion characteristics, and only slight
ringing after the HTHR event. All the blends containing 50% or more by mass amounts of
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IPK defiantly have definitive triple ignition characteristics, with little to no ringing
occurring after the HTHR event.
The LTHR and NTC regions of all the researched fuels are identified in figure 24
and the durations of the LTHR and NTC regions are displayed in table 13.
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Figure 24: LTHR for All Researched Fuels
Table 13: LTHR Duration of All Researched Fuels
Fuel
100 Jet-A
75Jet-A 25IPK
50Jet-A 50IPK
25Jet-A 75IPK
100 IPK

LTHR Duration
[ms]
1.8
2.22
2.92
4.4
7.76

NTC Duration
[ms]
0.28
0.34
0.76
1.64
4.00
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The LTHR region durations of each of the fuels have an exponential relationship
between one another, as shown in figure 25. This relationship relates back to the
correlations between the DCN and CD. However, the LTHR regions have significant
correlations between its duration and emissions produced by the fuel’s burn (Soloiu 2018,
2020).
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Figure 25: Precent of IPK Blended with Jet-A, LTHR and NTC Region Durations
Table 14: Percent Energy Released During Each Combustion Phase
Fuel
LTHR %
NTCR %
HTHR %
100 Jet-A
9.95
2.09
90.05
75Jet-A
11.15
1.81
88.85
25IPK
50Jet-A
11.50
1.93
88.50
50IPK
25Jet-A
11.76
2.18
88.22
75IPK
100 IPK
10.98
2.02
89.02
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The energy released by the researched fuels are displayed in table 14 above. As
more energy is consumed during the LTHR period of combustion, the HTHR energy
release is reduced. As shown in figures 22 and 23, the peaks of the researched fuels are
reduced when more IPK is added to the blend. However, the aera under the curve for the
AHRR is extended as well, so the fuel’s overall burn still releases approximately the same
amount of energy between all the fuels. The amount of energy released by the LTHR phase
of the blended fuels are the most significant findings during this investigation. It was found
that in every fuel blend of IPK and Jet-A, the energy released during LTHR is larger than
that of the neat blends. This is due to the interactions within the blend; IPK is causing the
duration of the LTHR phase to be extended, while Jet-A is releasing its energy during the
elongated phase of LTHR. This is apparent because as more IPK is present in the blend,
the duration of the LTHR is extended thus allowing the Jet-A in the bend more time to
expel its energy before HTHR.

56

CHAPTER 5
CONCLUSIONS
5.1 Conclusion
In conclusion, the correlations between ignition delay, combustion delay, derived
cetane numbers (DCN), the negative temperature coefficient (NTC) region, and the low
temperature heat release region (LTHR) of Jet-A and IPK aerospace fuel, as well as three
subsequent by mass blends of the fuels, were observed using a constant volume combustion
chamber. The thermo-physical characteristics of the fuels was also researched due to their
influence on the fuel’s burn in the combustion chamber.
It was found that 100IPK has a significantly lower viscosity compared to 100JetA, and the blends containing more by mass amounts of IPK had lower viscosities trending
downward linearly. It was discovered that the lowered viscosity measurement of IPK and
its influence on the blends containing IPK is due to the lowered n-paraffin and aromatic
content compared to 100Jet-A.
The presence of IPK in the blend had a significant effect on the spray development
and atomization of the fuels. As the amount of IPK present in the blends increased, the
average droplet size over the entire spray decreased, while additionally decreasing the
average SMD during the duration of the spray. It was found that blending by mass 50%
IPK and 50% Jet-A has the most favorable spray characteristics. With a Dv (90) of 109.49
µm, it was the smallest droplet size of the blended fuels per 90% of the spray’s volume;
while only being 6.15 µm larger than 100IPK, and 23.96 µm smaller than 100Jet-A.
Lower heating value determinations discovered that 100IPK has a larger LHV value
compared to 100Jet-A. With a LHV of 44.25 MJ/kg, it is 2.37 MJ/kg larger than that of
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100Jet-A (44.25 MJ/kg). It was observed that the blends had a linear correlation between
percent by mass of IPK present in the blend and increased LHV.
The differential thermal analysis (DTA) and thermogravimetric analysis (TGA)
determined that neat IPK is a much more volatile fuel and vaporizes much quicker in an
environment of increasing temperature compared to neat Jet-A. By the time 100Jet-A
reaches 50% of the mass vaporized, 100IPK is nearly entirely vaporized. The increasing
presence of IPK in the fuel blends decreases the maximum temperature needed to
completely vaporize the fuel. The DTA analysis illustrates how IPK will absorb and release
energy at lower temperatures, while still maintaining a high peak of DTA of approximately
22.5uV/mg. The peak of 100IPK is much steeper and narrower compared to 100Jet-A,
however Jet-A absorbs and releases its energy at higher temperatures. It is apparent that
the aera under the DTA curve for 100Jet-A is shallower and much wider, this characteristic
becomes more apparent as the amount of Jet-A increases in the blends.
Even though IPK’s thermo-physical characteristics indicate it should have superior
autoignition qualities compared to 100Jet-A, the DCN determination proves otherwise.
100Jet-A has a DCN of 47.95, with a very short ID and CD of 3.26 and 5.01 respectively.
IPK has a very long ID of 5.31 and CD of 17.7, thus a much lower DCN of 25.88. Thus,
by the time IPK ignites Jet-A has reached its combustion delay and is almost finished the
fuel burn. The DCN decreases exponentially while the CD increases exponentially as mass
percentage of IPK increased, causing each fuel blend to have lower autoignition
characteristics.
The combustion pressure follows the same trend as the DCN determinations.
100Jet-A has the smallest duration and has a rapid pressure increase, with 75Jet-A 25IPK,
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50Jet-A 50IPK, 25 Jet-A 75IPK increasing the duration after SOI exponentially. 100IPK
has the longest duration for the combustion pressure calculations, however it has the second
largest peak pressure of all the researched fuels with 42.73 bar. The blend containing 25JetA 75IPK has a peak pressure of 42.74 bar, 0.01 larger than 100IPK, this enlarged number
may be due to the tolerances of the dynamic pressure sensor. The temperature curve and
peak temperature values are calculated using the idea gas law. The pressure values used in
the calculation is the observed variable from the constant volume combustion chamber.
Due to this, the accuracy of the pressure sensor tolerances is noticed with 25Jet-A 75IPK.
The mass fraction burned for each of the fuels gives good insight into the speed at
which the injected fuel combusts. Fuels with an extended ignition and combustion delay
combust the injected fuel slower than fuels with a more rapid combustion. The mass burn
correlates with the ID and CD, where the more IPK present in the blend causes an
exponential increase in duration needed to burn all the injected fuel.
The apparent heat release rate of the researched fuels contains the LTHR and NTC
regions that were investigated in this study. These regions have a distinct influence on the
emissions produced by the fuel burn. It was observed that the LTHR duration of 100IPK
was more than four times as long as that of 100Jet-A. This extended LTHR duration leads
to predominate triple ignition characteristics that begin to occur when 25% by mass
amounts of IPK are blended with 75% Jet-A. 100Jet-A has the shortest LTHR duration
with 1.8ms, 75Jet-A 25IPK has the next longest with 2.22ms, 50Jet-A50IPK is 2.92ms,
25Jet-A 75IPK is 4.4, and 100IPK has a duration of 7.76ms. The amounts of factors larger
each of the researched fuels LTHR durations are than Jet-A are 1.23, 1.62, 2.44, and 4.31
for the fuels of 75Jet-A 25IPK, 50Jet-A 50IPK, 25Jet-A 75IPK and 100IPK, respectively.
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It is found that when there is more IPK present in the fuel blend the ringing intensity is
significantly reduced. 100Jet-A has a large amount of ringing occurring after the peak
HTHR and 75Jet-A 25IPK has a small amount of ringing occurring after the peak HTHR.
Finally, when there is 50% or more by mass amounts of IPK present in the blend, little to
no ringing occurs. This is an indication of combustion stability, thus concluding that fuels
containing more than 50% by mass amounts of IPK present in the blend have a significantly
larger amount of combustion stability compared to 100Jet-A.
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5.2 Future Works
The future of this research will include the implementation of advanced combustion
methods to extend the durations of LTHR and NTC regions within a dynamic setting of a
research engine. Currently, research into creating an Ansys Fluent simulation for the
injection and combustion of the CVCC is underway. The numerical analysis will include
investigations of ignition dynamics, premixed ignition, thermochemical condition of the
spray pattern, and full analysis into the LTHR regions occurring between start of ignition
and a fully developed combustion event. This simulation will also aid in determining the
emissions outputs of a multitude of different research fuels. Noise Vibration and Harshness
analysis will also be conducted for future works due to shockwave formations occurring
after the HTHR event during research.
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